Staphylococcus aureus isolates, especially methicillin-resistant strains and isolates from animal diseases. We constructed and expressed a nontoxic mutant SEC (mSEC) and investigated whether immunization with mSEC, which is devoid of superantigenic activity, can protect against S. aureus infection. Mice were immunized with mSEC and challenged with viable S. aureus. The bacterial counts in the organs of mSEC-immunized mice were significantly lower and the survival rate was higher than the corresponding values for the control group. Immunization with mSEC strongly induced the production of T-helper 2 type antibodies, immunoglobulin G1, and immunoglobulin G2b. The production of interleukin-10 (IL-10) and IL-4 was significantly greater in immunized mice challenged with S. aureus than in the control mice, whereas the production of gamma interferon (IFN-␥) was significantly decreased in the immunized mice. The cytokine response in a spleen cell culture that was stimulated with heat-killed S. aureus or SEC showed that immunization with mSEC inhibited IFN-␥ production and up-regulated IL-10 production in vitro. Furthermore, IFN-␥ and tumor necrosis factor alpha production in vitro was significantly inhibited by sera from mSEC-immunized mice but not by sera from control mice. These results suggest that immunization with mSEC devoid of superantigenic properties provides protection against S. aureus infection and that the protection might be mediated by SEC-specific neutralizing antibodies.
Staphylococcus aureus is an important bacterial pathogen in human infections and animal diseases (5, 28, 39) . The emergence of antibiotic resistance among clinical isolates has made treatment of staphylococcal infections difficult. To prevent S. aureus infection, a variety of whole staphylococcal preparations, including live, heat-killed, and formalin-fixed preparations of S. aureus cells, have been investigated as vaccines in clinical and veterinary trials. None of these has shown a convincing benefit in patients or farm animals (15, 23, 28) . The mechanism for protecting hosts against staphylococcal infections is still not fully understood.
Staphylococcal enterotoxins (SEs), which are bacterial superantigenic proteins produced by S. aureus, play important roles in establishing and maintaining infections (7) . Staphylococcal enterotoxin C (SEC) is commonly produced by invasive S. aureus isolates, especially methicillin-resistant S. aureus (MRSA) strains, and can cause severe pathologies. Previous studies have shown that the majority of MRSA in the United States produce SEC or SEB at very high concentrations (37) . The majority of S. aureus isolates from bovine mastitis also produce large amounts of SEC (8, 9, 11) . These toxins have a significant economic impact on health care and the dairy industry. There is a considerable need for development of vaccines and therapeutic approaches capable of eliminating the toxicity of these compounds (37) . Fields et al. (10) reported the crystal structure of an SEC complex with a T-cell receptor (TCR) ␤-chain and showed that SEC2 and SEC3 bind in the same way to the TCR ␤-chain. Recent studies demonstrated that several residues of SEC, including T20, N23, Y90, K103, and Q210, are important for binding to TCR and are also important for superantigenicity (10, 20, 22, 35) . Several reports described the toxicities and biological activities of wild-type and mutant SEA, SEB, and toxic shock syndrome toxin 1 (TSST-1) and showed that genetically altered SEA and SEB were immunogenic in mice and rhesus monkeys (1, 31, 41, 43) . Immunization with recombinant or mutant SEA, SEB, and TSST-1 could elicit neutralizing antibodies against wild-type SEs and protect mice or rabbits against lethal shock induced by the wild-type superantigenic toxins (1, 24, 25, 41, 42) .
In the present study, we constructed and expressed a single mutant SEC (mSEC), in which residue N23 was changed to A23 and which was devoid of superantigenic activity, and we investigated whether vaccination with mSEC could protect animals against systemic S. aureus infection in a mouse model. The results demonstrated that immunization with mSEC provided protection against the bacterial infection. In addition, our studies showed that the protection was mediated by SECspecific neutralizing antibodies.
MATERIALS AND METHODS
Animals. Six-to eight-week-old BALB/c mice were purchased from Clea Japan, Inc., Tokyo, Japan. The mice were housed in plastic cages under specificpathogen-free conditions at the Institute for Experiments, Hirosaki University School of Medicine. The daily cycle consisted of 12 h of light and 12 h of darkness, and food and water were available at all times. All animal experiments were carried out in accordance with the Guidelines for Animal Experimentation of Hirosaki University.
Bacterial strains and culture condition. For infection, S. aureus strain 834, a clinical septic isolate that expresses SEC2 and TSST-1 (30) , was cultured at 37°C in tryptic soy broth (Becton, Dickinson, Sparks, Md.) for 15 h and then collected by centrifugation and washed with sterile 0.01 M phosphate-buffered saline (PBS). The washed bacteria were diluted with PBS, and the concentration was adjusted spectrophotometrically at 550 nm to the appropriate value. For genomic DNA preparation, S. aureus FRI 361 expressing SEC2 was inoculated into 5 ml of soybean-casein digest broth (Nissui, Tokyo, Japan) and grown overnight at 37°C with shaking (110 rpm). Escherichia coli DH5␣ (Toyobo Biochemicals, Osaka, Japan) and E. coli NM522 mutS (Amersham Pharmacia Biotech, Inc., Piscataway, N.J.) were routinely grown in Luria broth (Becton) at 37°C with shaking (110 rpm). The antibiotic concentration used to maintain plasmids in E. coli was 100 g of ampicillin per ml. E. coli DH5␣ derivatives were grown in 2ϫ YTA medium containing 100 g of ampicillin per ml at 37°C with shaking.
Expression of rSEC in E. coli. Genomic DNA containing the sec2 gene was isolated from S. aureus FRI 361 by standard procedures (33) . In order to construct recombinant SEC (rSEC) expression plasmids, PCR primers were designed to amplify the gene fragment encoding the mature form of SEC (SEC2/ GSTϩ [5Ј-CCCCGGATTCGAGAGCCAACCAGACCCTACG], whose sequence includes a 5Ј BamHI site; and SEC2/GSTϪ [5Ј-CCCCGAATTCTTAT CCATTCTTTGTTGTAAGGTGG], whose sequence includes a 5Ј EcoRI site). The sec2 gene was amplified by PCR by using Pyrobest DNA polymerase (Takara, Shiga, Japan), and the sec2 fragment was then subcloned into pGEM3Zf(ϩ), yielding pKOC2. The nucleotide sequence of the sec2 gene in pKOC2 was verified by using an ABI 310 automatic DNA sequencer (PerkinElmer Applied Biosystems, Foster City, Calif.). The sec2 fragment of pKOC2 was then digested with BamHI and EcoRI and was subcloned into the pGEX-6P-1 (Amersham Pharmacia Biotech, Inc.) glutathione S-transferase (GST) fusion expression vector. The resultant plasmid containing sec2 was designated pKC2X1. Expression, purification of GST-fused rSEC, and the cleavage and removal of the GST tag from rSEC were performed as described by Omoe et al. (33) . The resulting mature rSEC had five additional amino acid residues, GPLGS, at its N terminus.
Construction and expression of mSEC. A selection primer (5Ј-GCGTGACA CCACGATGCCCGCGGCAATGGCAACAACG) and a mutagenic primer (5Ј-CTGGTACGATGGGTGCTATGAAATATTTATATG) were designed to change oligonucleotide AAT (coding for asparagine 23 in the N terminus of the SEC2 molecule) to GCT (coding for alanine). Site-directed mutagenesis was performed as described by Hu et al. (18) . The mutant DNA sequence was confirmed as described above. The asparagine-to-alanine mutant plasmid was designated pGXmSEC and transformed into E. coli DH5␣. Expression and purification of GST-fused mSEC and cleavage and removal of the GST tag from mSEC were performed as described above for rSEC.
rSEC and mSEC toxicity assay. The toxic effects of rSEC and mSEC on BALB/c mice were tested by using a lipopolysaccharide (LPS)-potentiated mouse lethality model. Mice were first inoculated intraperitoneally with rSEC or mSEC diluted in PBS (0.1 to 20 g per mouse). The mice were then inoculated with 75 g of LPS from E. coli O55:B5 (Sigma) 4 h later. The controls included animals given either SEC or LPS alone, and lethality was recorded over 72 h.
Immunodiffusion assay. To determine the immunological reactivity of mSEC, gel double-immunodiffusion assays of rSEC and mSEC with anti-rSEC antibody were performed as described previously (18) . Briefly, 1.2% Noble agar (Becton) in PBS was poured into plastic petri dishes. Wells that were the same size (diameter, 8.0 mm) were cut, and the agar plugs were removed. Rabbit antirSEC serum (1:16 dilution) and samples containing recombinant or mutant toxins were added to wells (75 l per well) and incubated in a humidified box at 37°C for 24 h. The gel was stained with 0.1% Coomassie brilliant blue R-250 in 10% acetic acid-40% methanol in distilled water, and this was followed by destaining in the solvent.
Immunization and S. aureus infection. For vaccination of mice, purified rSEC or mSEC was dissolved in PBS and emulsified 1:1 in alum adjuvant (Pierce, Rockford, Ill.). Two-hundred-microliter portions of the emulsion containing 10 g of rSEC or mSEC or alum alone were injected at two subcutaneous sites on the backs of the mice. Booster immunizations were administered 2 and 4 weeks after the initial vaccination. The mice were challenged on day 7 after the last booster with a lethal dose of S. aureus 834 by intravenous injection. Blood samples were obtained before and after the bacterial challenge. The bacteria in the spleen, liver, and kidneys were enumerated on day 3 after infection by preparing homogenates of these organs in PBS and by plating 10-fold serial dilutions on tryptic soy agar (Becton). Colonies were counted after 24 h of incubation at 37°C. The death of mice was recorded for 15 days.
Serum antibodies. The production of anti-SEC antibodies was measured in serum samples by enzyme-linked immunosorbent assays (ELISAs) as described previously (18) . Serum samples were diluted with PBS (1:100), and then serial twofold dilutions were prepared. The levels of immunoglobulin G1 (IgG1), IgG2a, IgG2b, IgG3, and IgM were expressed as the maximal dilutions of sera.
Cell culture. Spleens were removed aseptically from naive or immunized mice, and spleen cells were obtained by squeezing the organs in RPMI 1640 medium (Nissui). Each cell suspension was filtered through stainless steel mesh (size, 100). After lysis of erythrocytes with 0.85% NH 4 Cl, the cells were washed three times and resuspended in RPMI 1640 medium supplemented with 10% fetal calf serum, 100 U of penicillin G per ml, and 100 g of streptomycin per ml and then placed in a 24-well tissue culture plate at a density of 1 ϫ 10 6 cells/well in the presence of rSEC, mSEC, or heat-killed S. aureus (HKSA). After 72 h of incubation at 37°C in a 5% CO 2 incubator, the supernatants were collected and stored at Ϫ80°C until the cytokine assays were performed.
Neutralization assay. For determination of the neutralizing activity of antimSEC serum against cytokine production induced by rSEC in vitro, anti-mSEC serum or control serum was preincubated with rSEC at 37°C for 1 h before rSEC was added to spleen cell cultures. After 72 h of incubation at 37°C in a 5% CO 2 incubator, the supernatants were collected, and the cytokine assays were performed as described below.
Determination of cytokines. The amounts of gamma interferon (IFN-␥), tumor necrosis factor alpha (TNF-␣), interleukin-4 (IL-4)
, and IL-10 in the supernatants of cell cultures and sera of mice were determined by double-sandwich ELISAs as described previously (29, 30) . Organ extracts were prepared by centrifuging 10% (wt/vol) spleen and were homogenized in RPMI 1640 medium containing 1% (wt/vol) 3-[(cholamidopropyl)-dimethylammonio]-1-propanesulfate (CHAPS) (Wako Pure Chemical Co., Osaka, Japan) at 2,000 ϫ g for 20 min. The IL-2 content was determined with a mouse IL-2 ELISA kit (BioSource International, Camarillo, Calif.).
Cell proliferation assays. Spleen cells were suspended in RPMI 1640 medium supplemented with 10% fetal calf serum, 10 M sodium pyruvate (Wako), and 50 M 2-mercaptoethanol (Wako). Spleen cells (1 ϫ 10 6 cells per ml) were incubated with various amounts of mSEC or rSEC in round-bottom microplates at 37°C for 48 h. The cultures were pulsed for 24 h with 20 kBq of [ 3 H]thymidine (ICN Biomedicals, Inc., Irvine, Calif.) per well and then harvested on glass fiber filters. The amount of incorporated [ 3 H]thymidine was measured by liquid scintillation counting.
Statistical analysis. Data were expressed as means Ϯ standard deviations, and the Mann-Whitney U test was used to determine the significance of the differences in bacterial counts in the organs and in cytokine titers between control and experimental groups. For survival experiments, the Kaplan-Meier method was used to obtain the survival fractions, and significance was determined by a log rank test.
RESULTS

Characteristics of mSEC.
It has been suggested that several residues of SEC2 or SEC3, including T20, N23, Y90, K103. and Q210, for binding to TCR are important for superantigenicity (10, 20, 22, 35) . In this study, we changed the N23 residue of SEC2 molecule to A23 (Fig. 1A) , and we designated the mutant gene product mSEC. mSEC was compared with wild-type rSEC on a Coomassie blue-stained sodium dodecyl sulfatepolyacrylamide gel electrophoresis gel, and the results revealed the presence of a readily detectable purified protein band that comigrated with purified rSEC. The immunological reactivities of mSEC and rSEC with polyclonal rabbit anti-rSEC antibody were assayed by using gel immunodiffusion. The antibody reacted readily with purified mSEC and rSEC, and the precipi- tation lines between mSEC and rSEC were united (Fig. 1B) . These results indicate that mSEC has the same matched antibody-binding epitopes as wild-type rSEC. To confirm that the superantigenic activity of mSEC was deleted, the proliferation (Fig. 1C ) and cytokine production ( Fig. 1D to G) induced by mSEC and rSEC in mouse spleen cells were determined. Substantial amounts of cytokines were induced in the cell cultures at all concentrations of rSEC used, and the results revealed higher proliferation activity. In contrast, for mSEC there was no detectable IFN-␥, TNF-␣, and IL-2 production or the amounts produced were less, and there was lower proliferation activity ( Fig. 1) . These results indicate that mSEC is significantly devoid of superantigenic activity. To further examine whether the toxicity of the mSEC protein could also be detected in vivo, mice were inoculated with LPS plus rSEC or mSEC, and the survival was observed. In striking contrast to the 78% mortality rate of mice inoculated with 15 g of rSEC plus LPS, none of the mice that were given an equivalent dose of mSEC plus LPS died (data not shown).
Protective effect of immunization with mSEC. Mice were immunized subcutaneously with mSEC or rSEC plus alum or with alum alone, and they were then challenged intravenously with 5 ϫ 10 7 CFU of S. aureus strain 834 per mouse. Three days after inoculation, the numbers of bacterial cells in the spleens, livers, and kidneys were determined. There were significantly fewer bacterial cells in the spleens and livers of mSEC-immunized mice than in the organs of control mice ( Fig. 2A) , whereas there was no significant difference in the bacterial counts in the kidneys between the immunized mice and the control mice (data not shown). To further confirm the effect of immunization with mSEC and rSEC on the survival of mice, mice were immunized three times and then intravenously challenged with 5 ϫ 10 7 CFU of S. aureus per mouse. On day 8 after challenge, 62.5% of the mice immunized with mSEC were alive, and 50% of the mSEC-immunized mice were still alive on day 15 after infection (P Ͻ 0.05, as determined by a log rank test). Conversely, all of the mice inoculated with alum alone died 8 days after bacterial challenge (Fig. 2B) . In addition, we immunized mice with rSEC in the same way. The results also showed that there was a protective effect, but on day 12 only 37.5% of the mice were alive. These experiments indicate that immunization with mSEC provides efficient protection against lethal S. aureus infection.
Antibody production in immunized mice. Antibody responses were evaluated to analyze the protection provided by antibodies resulting from mSEC and rSEC immunizations. A strong IgG1 antibody response to SEC was seen in the sera obtained from mice immunized with mSEC or rSEC (Fig. 3) . In contrast, sera from mice inoculated with only alum failed to react significantly to SEC. Interestingly, there were higher levels of IgG2b in the sera obtained from mSEC-immunized mice than in the sera obtained from rSEC-immunized mice (P Ͻ 0.05). In contrast, the sera from mSEC-immunized mice had a lower level of IgG3 (P Ͻ 0.05) than the sera from rSECimmunized mice (Fig. 3) . The difference in production of these antibodies might have been due to deletion of the superantigenicity of mSEC.
Cytokine responses in immunized mice after S. aureus challenge. To analyze the role of endogenous cytokines in mice immunized with mSEC against S. aureus infection, IFN-␥ production, IL-4 production, and IL-10 production in the sera were determined by sandwich ELISAs at 2, 4, 6, 12, and 24 h after infection (Fig. 4) . The endogenous IFN-␥ production in the sera of mSEC-immunized mice peaked at 12 h and decreased at 24 h of infection (Fig. 4A) . The levels of IFN-␥ production were significantly lower in the sera from mSECimmunized mice than in the sera from control mice. The sera from rSEC-immunized mice also exhibited lower levels of IFN-␥ production. On the other hand, the titers of IL-10 and IL-4 in the sera of mSEC-vaccinated mice increased from 4 and 6 h and were significantly higher than those of control mice ( Fig. 4B and C) . These results indicated that immunization with mSEC induced strong IL-10 and IL-4 production and inhibited IFN-␥ production.
Cytokine production in spleen cells of mSEC-immunized mice in vitro. To determine the cytokine response in vitro, FIG. 3 . Serum antibody responses of mSEC-vaccinated mice. Animals were immunized with rSEC or mSEC plus alum or with alum alone and then were infected with 5 ϫ 10 7 CFU of S. aureus on day 7 after the last boost. The serum samples were obtained on day 3 after infection. Anti-SEC-specific antibody titers were determined by ELISAs. Plates were coated with rSEC (5 g/ml), and the sera pooled from each group of five mice were diluted 1:100. The results are representative of three experiments, and the data are mean endpoint titers Ϯ standard deviations for samples from five mice. An asterisk indicates that a value is significantly different from the value obtained for the rSEC-immunized mice (P Ͻ 0.05).
FIG. 4. Kinetics of endogenous cytokine production within 24 h after infection with S. aureus.
Mice were immunized with mSEC or rSEC plus alum or with alum alone and then were infected intravenously with 5 ϫ 10 7 CFU of S. aureus on day 7 after the last boost. The titers of IFN-␥ (A), IL-10 (B), and IL-4 (C) in the sera were determined by ELISAs. The results are representative of three experiments, and the data are the means Ϯ standard deviations for groups of three to five mice. An asterisk indicates that a value is significantly different from the value obtained for the control mice (P Ͻ 0.05).
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IMMUNIZATION WITH mSEC PROTECTS AGAINST S. AUREUS 177 spleen cells were prepared from mSEC-immunized mice, rSEC-immunized mice, and control mice and stimulated with HKSA, mSEC, or rSEC. The IFN-␥, TNF-␣ and IL-10 titers in the supernatants of the cell cultures were determined by sandwich ELISAs. The IFN-␥ production was significantly lower in the cell culture from mSEC-immunized mice than in the cell culture from control mice when the mice were stimulated with rSEC (Fig. 5A ). There was no significant difference between immunized and control mice stimulated with HKSA or mSEC. Interestingly, the titers of IL-10 in the supernatants of the cell cultures from mSEC-vaccinated mice were significantly higher than the titers of IL-10 in the supernatants of the cell cultures from control mice when they were stimulated with HKSA (P Ͻ 0.05) or mSEC (P Ͻ 0.05) but not when they were stimulated with rSEC (Fig. 5B) . The titers of IL-10 in the cell cultures from rSEC-vaccinated mice were also significantly higher than the titers of IL-10 in the cell cultures from control mice when they stimulated with HKSA (P Ͻ 0.05) but not when they were stimulated with mSEC or rSEC (Fig. 5B) . The TNF-␣ production in the cell culture from immunized mice and the TNF-␣ production in the cell culture from the control group were not significantly different (Fig. 5C ). These results indicated that immunization with mSEC up-regulated IL-10 production and inhibited IFN-␥ production in spleen cells. Neutralizing effect of anti-mSEC antibodies on cytokine production induced by SEC in vitro. We further examined the effect of serum samples from mSEC-vaccinated mice on SECinduced production of IFN-␥ and TNF-␣, which are commonly associated with superantigenic activity. Serum samples from the mice immunized with mSEC plus alum effectively inhibited IFN-␥ and TNF-␣ production from murine spleen cells by SEC compared to serum samples from the alum-injected controls and nonsuperantigenic mutant TSST-1-immunized controls (P Ͻ 0.05) (Fig. 6) . These results suggest that inhibition of inflammatory cytokine production may be involved in the protective effect obtained from immunization with mSEC.
DISCUSSION
S. aureus expresses a repertoire of factors, including exotoxins such as SEs, TSST-1, exoenzymes, adhesins, and numerous cell-associated components, that play important roles in establishing and maintaining infections (7, 13) . SEC, produced by pathogenic strains of S. aureus, especially clinic isolates of MRSA, is known for its involvement in toxic shock syndrome (TSS), persistent infections, and bovine mastitis (6, 8, 11, 34) . It is important to consider the fact that the majority of MRSA in the United States produce SEC or SEB at very high con- 6 cells/ml) were prepared from mSEC-or rSEC-immunized mice and control mice and stimulated with HKSA (10 7 cells/ml), mSEC (100 ng/ml), or rSEC (100 ng/ml). IFN-␥ production (A), IL-10 production (B), and TNF-␣ production (C) in the supernatants of the cell cultures were determined by sandwich ELISAs. The results are representative of three experiments, and the data are means Ϯ standard deviations based on three to five mice. An asterisk indicates that a value is significantly different from the value obtained for the mice immunized with alum alone (P Ͻ 0.05). centrations. In Japan, the majority of MRSA produce large amounts of SEC and TSST-1. Since two physicians injected themselves with 3 to 5 g of superantigenic toxin and subsequently developed TSS, it is probable that a very slight infection could induce TSS (37) .
Several residues of SEC for binding to TCR that are important for superantigenicity have been identified (10, 20, 22, 35) . In the present study, we changed N23 of the SEC molecule to A23 and obtained a single-site mutant SEC devoid of superantigenic activity. We were unable to detect IFN-␥ and IL-2 production and proliferative responses in murine spleen cells with this mutant at concentrations up to 1,000 ng/ml (Fig. 1) , while the mutant still exhibited immunological activity. Our results showed that this mutant toxin, mSEC, is highly effective in inducing toxin-specific antibodies capable of neutralizing superantigenicity, decreasing bacterial growth in organs, and protecting animals from lethal S. aureus infection. Recent studies have examined the development of toxoid vaccines that may protect against the immunobiological effects of pyrogenic toxic superantigens, including SEs, TSST-1, and streptococcal pyrogenic exotoxin, presumably through neutralization by antibodies (14, 26, 32, 38, 40) . Gampfer et al. (14) demonstrated that vaccination with nonsuperantigenic SEB and TSST-1 resulted in antibody responses against these toxins and protected against challenge with lethal doses of superantigen potentiated with LPS. Nilsson et al. (32) and another previous study (18) demonstrated that immunization with nonsuperantigenic SEA and TSST-1 protected against S. aureus-induced lethal septic shock. The mechanism of protection after vaccination with these nonsuperantigenic toxins remains unclear.
Mice immunized with mSEC produced high titers of SECspecific IgG1 and significantly higher levels of IgG2b antibodies than mice in the rSEC-immunized group produced, whereas the animals immunized with mSEC produced significantly lower levels of IgG3 than the rSEC-immunized mice produced (Fig. 3) . Immunization with rSEC induced production of both Th1-and Th2-induced immunoglobulin subclasses compared with the control group. The difference in induction of the antibody subclass responses may be due to the lack of superantigenic activity of mSEC. Furthermore, serum samples from mSEC-immunized mice also significantly inhibited IFN-␥ and TNF-␣ production in murine spleen cells by SEC (Fig. 6) . These results indicated that SEC-specific antibodies might play an important role in host resistance against S. aureus infection and neutralization of superantigenic activity. The mechanism of action of serum antibodies in S. aureus infections remains elusive. Previous studies identified cross-reactive antibodies for staphylococcal enterotoxins and streptococcal pyrogenic exotoxin A (4, 27) . Mice vaccinated with TSST-1 survived when they were challenged with SEA, SEB, or SEC (2). Recently, it was reported that anti-TSST-1 monoclonal antibody also crossinhibited SEA-induced mitogenic activity and TNF-␣ production in vitro and protected against SEA-induced lethality in a mouse model (19) . The demonstrated effects of antibodies may be due to anti-inflammatory activity (21, 37) and neutralization of the toxicity of S. aureus surface components and secreted products (32, 37) .
In the present study, serum samples obtained from mSECimmunized mice produced significantly higher titers of IL-10 and IL-4 and lower titers of IFN-␥ in response to S. aureus infection than serum samples obtained from the control mice produced (Fig. 4) . Furthermore, the IFN-␥ production in a spleen cell culture from mSEC-immunized mice was significantly lower than the production in a spleen cell culture from control mice when the cultures were stimulated with HKSA or rSEC in vitro. In contrast, the titers of IL-10 in the supernatants were significantly higher than the titers of IL-10 in the supernatants from control mice (Fig. 5) . IL-10 is known to have anti-inflammatory activity in various inflammatory diseases (3, 12, 17) . Previous studies demonstrated that IL-10 plays a beneficial role in protecting the host from shock due to endotoxin (17) , septic shock (3), and staphylococcal enterotoxin shock (12, 16) . A previous study showed that administration of anti-IL-10 monoclonal antibody to mice inhibited the elimination of S. aureus from the organs and suggested that IL-10 might play a beneficial role in host resistance to S. aureus infection (36) . It is possible that this cytokine may regulate excess inflammatory responses in S. aureus infection. On the other hand, another previous study showed that IFN-␥ plays a detrimental role in S. aureus infection in mice (30) . Administration of anti-IFN-␥ monoclonal antibody resulted in suppression of bacterial growth in the organs and protected mice from the lethal effects of S. aureus infection (30) . In addition, IFN-␥ receptor-deficient mice developed severe sepsis with high mortality after S. aureus infection (44) . Recently, it was shown that IFN-␥ plays an important role in the pathogenesis of S. aureus infection, because there was an increase in the survival rate, a decrease in the bacterial numbers in the kidneys, and an amelioration of histological changes observed in the kidneys in IFN-␥ Ϫ/Ϫ mice compared with IFN-␥ ϩ/ϩ mice (36) . In the present study, the results suggest that mSEC vaccination may polarize Th0 toward Th2 in vivo and that the regulation of cytokine production might be involved in acquisition of protection in mSEC-immunized mice. These results, together with previous data, indicated that the protection might be mediated by SEC-specific antibodies that neutralize the S. aureus-produced SEC, as well as by IL-10 and IL-4 induction, and that down-regulate IFN-␥ production induced by superantigenic toxins and S. aureus.
In conclusion, a nontoxic mutant bacterial superantigen, mSEC, was constructed and expressed. Immunization with mSEC profoundly altered the course of disease, including bacterial growth in the organs and survival, by neutralizing the pyrogenic superantigen. mSEC and its specific antibodies should be useful in treatment of toxic shock syndrome and control of S. aureus infection.
